The Ty element of yeast is a member of a class of eukaryotic transposons which bear a striking resemblance to retroviral proviruses in their structure and expression strategies (1,2). A direct comparison can be drawn between the production of a fusion protein encoded by Ty, resulting from a frameshift event which fuses two out-of-phase open reading frames TYA and TYB, and the production of prl8O gag "P in a retrovirus such as Rous Sarcoma Virus (RSV) (3,4) . We present data which shows, definitively, that RNA splicing is not responsible for the frameshift in Ty. By in vitro mutation of a class I element, Tyl-15, we demonstrate that 31 nucleotides contained within the region where the TYA and TYB open reading frames overlap direct the frameshift. Within this short sequence there is a region of homology with a class II element which we show is also able to frameshift.
INTRODUCTION

Most
and ends in the right or 3' delta such that the RNA has a 50 nucleotide terminal redundancy (4,5). The gross organization of the element is therefore similar to that of a retroviral provirus and to some other eukaryotic transposons such as the copia-like sequences of Drosophila (1,2). This similarity to retroviral proviruses has been extended recently by the observation that Ty transposes via an RNA intermediate (6) and that Ty proteins are assembled into virus-like particles, Ty-VLPs, that contain Ty RNA and reverse transcriptase (7, 8) .
In addition to these structural and functional similarities an unusual mode of gene expression that, in principle, is shared by retroviruses has also been described (9, 10) . In a class I element such as Tyl-15, the transcriptional unit is divided into two open reading frames, TYA and TYB (9,10,11, fig. 1 ). TYA starts at nucleotide 299 and ends at 1,619 (10, 11) . TYB starts with an ACA (threonine) codon at nucleotide 1,581 and ends near the 3' delta at 5,676 (12, 13) . TYA and TYB therefore overlap by 38 bp and .TYB is in the +1 reading frame with respect to TYA. TYA is expressed by the simple translation of the 5.7 kb transcript to produce a 50 kilodalton (kd) protein designated pi (14) . TYB, on the other hand, is expressed as a TYA;TYB fusion protein, p3, of about 190 kd (9, 10, 15) . The production of p3 is achieved via a ftameshifting event that leads to translational avoidance of the TYA termination codon and a shift into the TYB reading phase. This expression strategy is directly analogous to the production of Prl80 gag " po1 in a retrovirus such as RSV (2, 16) .
The mechanism of this frameshift is not known for Ty or retroviruses. It has recently been shown that RSV does not use RNA splicing to fuse gag and pol (17) and preliminary data for Ty is consistent with this (9, 10) . In this paper we address some simple questions that bear on the mechanism of this frameshift event. We show, in a carefully controlled SI analysis, that RNA splicing is not involved, that a short sequence can mediate the shift and that this sequence has a region of homology with a class II Ty element that we show here, can also fraraeshift.
MATERIALS AND METHODS
Bacterial strains, yeast strains and media.
E.coli strain AKEC28 (C600 thrC leuB6 thyA trpC1117 hsdRk hsdMk) was used for plasm id manipulation and preparation. Saccharomyces cerevisiae strain MD4O-4c (ura2 trpl leu2-3 Ieu2-112 his3-15). E.coli media were prepared according to Miller (18) . Yeast media were prepared according to Hawthorne and Mortimer (19) DNA isolation Plasm id DNA was isolated as described by Chinault and Carbon (20) . Mini preparations of plasmid DNA were according to Holmes and Quigley (21) . Enzymes and fragment purification Enzymes were purchased from BRL and used according to the manufacturers' instructions. DNA fragments were purified from agarose gels by the method of Tabak and Flavell (22) .
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DNA sequencing
The dideoxy-nucleotide chain termination method of Sanger e_t al was used (23) .
Yeast transformation
The method of Hinnen e_t a_l was used (24) . Yeast extracts and protein blotting Protein extracts of whole yeast cells were prepared as described previously (25) . SDS-12.5% polyacrylamide gels (30:0.8 acrylam ide/bisacry latnide) were run according to Laemmli (26) . Protein blotting was carried out as described previously (10) . RNA isolation and blotting Total RNA was isolated as described previously (14) , transferred to nitrocellulose filters and hybridized (27) . Probe fragments were labelled by nick translation (28). PMA213-33, pMA229-34 and pMA239-35 have the initiating ATG plus a few codons of PGK fused in frame to the residual portion of TYA, the TYA;TYB overlap region and an interferon cDNA in frame with TYB ( fig. 2e ). These plasmids were used to transform yeast strain MD40-4c to leucine independence.
(b) Analysis of frameshifting iji the class I_I^ element, Tyl-17. To insert an interferon cDNA near the start of TYB in Tyl-17 a set of fragments was generated by Bal 31 deletion as there was no convenient restriction site. Plasmid pKT47 (11, fig. 3 ) which contains an EcoRI:HindI11 fragment corresponding to the left 'half of Tyl-17 ( fig. 1 ) was digested with Bal 31 exonuclease from the unique Bam HI site and the deleted molecules were ligated in the presence of Bglll linkers (CAAAAGATCTTTTG) and then screened for appropriate individual deletions. Two such molecules, plasmids pKT337 and pKT338 whose end-points are 79 and 75 nucleotides beyond the end of TYA (34), were used in this analysis. Interferon cDNA fragments were inserted into TYB in all three reading frames by fusing interferon fragment 2 into pKT337 and pKT338 and interferon fragment 1 into pKT338 to produce plasmids pKT337-2, pKT338-2 and pKT338-l. All three plasmids were used to transform yeast strain MD4o-4c to leucine independence.
RESULTS
The experimental system
Our assay system for the Ty f rameshif t is based on fusing an B/Bg interferon cDNA in frame with TYB and asking if we can detect, in a Western blot, interferon-containing fusion proteins. Such proteins can only be produced via the frameshift. A yeast plasmia construction that achieves this is pKT231-l (10, fig.  4a ). This pLasmid directs the synthesis of a 2.3 kb Ty:interferon fusion transcript which starts in the 5 1 Ty delta, runs through TYA, into TYB, through the interferon coding sequence and terminates in the fortuitous transcription terminator in the 3 1 untranslated region of the cDNA. This transcript is translated via the frameshift to produce a 70 led Ty: inter feron fusion protein. (10, fig. 6b ). The TYAzTYB frameshift ij5 not a_ result o_f RNA splicing Previous reports which claimed that an RNA splicing event did not mediate the Ty frameshift did not provide a positive control for the detection of an intron of a few nucleotides (9,10) and therefore this possibilty could not be excluded. The possible presence of an intron in the hybrid transcript from pKT231-l was tested in an SI protection experiment using the 2.6 kb Xhol fragment from pKT231~l as a probe ( fig. 4b) . SI protected products were detected by Southern blotting using an interferon specific probe to avoid 'noise' from partially homologous RNAs encoded by the endogenous Ty elements. To control for detection of a very small intron, RNA from a yeast transformant containing a second plasmid, pKT231-2 (10), was used. pKT231-2 is the same as pKT231-l except it has a 5 bp deletion at the Ty:interferon junction ( fig. 4c ). The RNA from this plasmid will therefore mimic a pKT231-l transcript that has undergone the removal of a 5 nucleotide intron. Both the pKT231-l and pKT231-2 transcripts are about 2.3 kb in length. This will be the size of the protected fragment that has homology with the interferon probe if there is no splicing. If, however, a splicing event is involved a smaller fragment will be produced that is slightly larger than the interferon cDNA as we would expect the putative intron to have its 3' end within the TYA:TYB overlap region. The pKT231-2 RNA will produce a 'mock' spliced product the size of the interferon component (0.75 kb). The data in figure 5 show that while the 5 bp mismatch between the pKT231-2 RNA and the 2.6 kb Xhol fragment from pKT231-l can be readily detected there is no evidence for an intron in the pKT231-l RNA. We can conclude from this that an RNA processing step is not involved in the fusion of TYA and TYB and therefore some other mechanism must be invoked. Minimal sequence requirements for the frameshift If RNA processing is not involved in the frameshift event it seems likely that the TYA:TYB fusion occurs during translation. In the most general terms this would require recognition of a sequence or structure within the RNA that peturbs normal translational fidelity. To identify such a sequence we have carried out a Bal 31 deletion analysis of the TYA region to 2-6kb<> 2-3kbO 0-75kt» We conclude that the results of the deletion analysis of TYA localize the requirements for TYA:TYB fusion to as little as 31
nucleotides upstream from the end of TYA.
Frameshifting in the class II element Tyl~17
The overlap of TYA and TYB is 38 nucleotides in class I elements and 44 nucleotides in class II elements (11) and these two classes share little horaology in this region. Furthermore TYB in class I elements starts with an ACA (threonine) codon whilst in class II it starts with a GCG (alanine) codon (11) . As these regions showed such differences, we decided to determine whether a class II element, Tyl-17, fuses TYA and TYB via a frameshift.
A similar strategy to that used for Tyl-15 was adopted and plasmids analogous to pKT231-l were constructed. However, because
Tyl-17 does not have a convenient Bglll site near the start of TYB appropriate fragments were created by Bal 31 exonuclease digestion (see Materials ana Methods). By inserting the appropriate interferon fragments into the deleted molecules, the interferon coding sequence was inserted into TYB in all three reading frames. Plasmids pKT338-2, pKT337-2 and pKT338-l have interferon in phase with reading phase 1 (i.e. TYA), reading phase 2 (i.e. TYB) and reading phase 3 respectively. These plasmids were introduced into yeast strain MD4O-4c to produce transformants T338-2, T337-2 and T338-1. Protein extracts of these transformants were analysed by Western blotting and the data in figure 7 shows that interferon is expressed only in T337-2 where interferon is in phase with TYB (reading frame 2). The protein produced has a relative molecular mass of about 75K.
About 55K of Ty-encoded protein must be derived from TYA as there is no significant coding capacity in reading frames 2 or 3 to account for this increase (11) . The remaining 20K comes from TYB and the fused interferon which must be brought into phase with TYA via a fr'ameshifting event. This demonstrates that TYB in Tyl-17, as in Tyl-15 (9, 10) , is expressed as a TYA:TYB fusion protein.
DISCUSSION
We have sought to analyse some aspects of the frameshift event in Ty which leads to the TYA:TYB fusion. One obvious means by which this event could occur is RNA splicing, a mechanism which had been assumed for many years (35) (39) . Therefore RNA splicing is not involved in either of the retroviral gag:pol fusion systems analysed to date or in the fusion of TYA:TYB in yeast.
Since RNA processing does not account for the Ty frameshift it seems probable that the TYA;TYB fusion occurs via a ribosomal mechanism. This mechanism is unclear, but the analysis presented here defines the sequences required for the fusion. We have shown that the frameshift event still occurs when most of TYA is deleted and most of TYB is replaced with interferon. This observation suggests that the primary and secondary structure of the TYA;TYB RNA is not important and that the TYA gene product, pi, is not involved. Although the unlikely possibility of involvement of trans-acting pi from endogenous Ty elements cannot be excluded. Again similar results have been obtained with RSV (17) .
Our data shows that the information necessary to direct the ribosomal frameshift must reside in the 31 nucleotides at the end of the TYA:TYB overlap. In addition, we have shown that a class II Ty element is also able to fuse its TYA and TYB genes via a frameshift event. Interestingly, although these elements share little homology over the overlap region there is an 11 nucleotide block that is completely conserved between Tyl-15 and Tyl-17 and which is located within the 31 nucleotides that are required for is not yet clear, but it is worth noting that in our construction pMA229-34 where 5 of these 11 conserved nucleotides have been aeletea the frameshift event does not take place.
